Abstract-Pulsed-current sensors require transducers constituted of magnetic materials with high magnetic permeability in a frequency range compatible with the period and the frequency of the current pulse. The use of ferrites in this application has the advantage of low cost and low losses in high frequencies. The aim of this work is to present a procedure for selection of the ceramic processing route of Ni-Zn ferrite for application in a pulsed-current sensor. The ferrite samples were prepared under different processing parameters and characterized in terms of microstructure, chemical analysis, complex magnetic permeability, and magnetic hysteresis. The chosen processing route included high energy milling of the pre-sintered powder, its disaggregation before sample forming, and sintering of the samples in air for 2 h at 1300 • C. Tests were performed and it was verified that using this processing route for the fabrication of the sensor's core it was possible to monitor pulses of 0.1-1.0 µs.
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INTRODUCTION
Ni-Zn ferrites are spinel ferrimagnetic ceramics, generally represented by Ni 1−x Zn x Fe 2 O 4 . The magnetic properties of these materials are very sensitive to variations in chemical composition and microstructure [1] . The high electric resistivity of these materials provides low eddy-current losses, which is desirable for a ferrimagnetic core. Besides, the fabrication of ceramic cores is relatively simple and may be carried out by means of conventional ceramic methods. The sintering of Ni-Zn ferrites is simpler than the sintering of other high permeability ferrites, such as the Mn-Zn ones, because controlled atmosphere is not necessarily required [2] .
Figure 1 [3] shows a pulsed-current monitor (PCM) containing a toroidal Ni-Zn ferrite core. The pulsed electron beam passes through the aperture and the magnetic field associated to the beam causes a magnetic induction (B) in the core. The ceramic isolator, fixed by means of a metal-ceramic weld, eliminates the effect of reverse currents in the metallic structure of the device.
The current sensor works as a current transformer, in which the primary is either a conductor or an electron beam, treated as a oneturn coil with infinite radius. The secondary is the coil around the Figure 1 . CF63-type pulse transformer used in vacuum lines [3] . core, having N turns. The current from the secondary passes through an integrating circuit and the voltage at the output of the PCM may be monitored by means of an oscilloscope. The output voltage in the secondary terminal, V , is proportional to the magnetic permeability, μ r , of the core (1):
where A is the cross-sectional area of the core, r is the mean radius of the toroidal core, and di/dt is the current variation with time. If the magnetic permeability of the core is too low, the sensitivity of the current monitor will be impaired. The core's saturation induction (B s ) is also an important parameter, since the current monitor has to be designed in a way that the magnetic field associated to the pulsed current does not saturate the core. In spite of the relatively low saturation induction, ferrites have low coercivity and low hysteresis losses, when compared to other metallic materials used as magnetic cores [4] . A capacitor and a resistor incorporated in the secondary circuit compose the shunt circuit, i.e., the pulse former circuit.
The aim to obtain a high sensitivity current sensor leads to the choice of a core material with highest magnetic permeability. The Ni 1−x Zn x Fe 2 O 4 ferrites with x ≈ 0.7 usually presents the highest levels of magnetic permeability of Ni-Zn ferrites but only in frequencies lower than approximately 200 kHz [5] . Other limitations of this composition are:
• Relatively low Curie temperature (≈ 77 • C) and high variation of the magnetic permeability with temperature [6] ; • The variation of the magnetic permeability with Zn fraction is increased when x approximates 0.7 [1, 7] . Thus, small heterogeneities in the chemical composition of the batch may result in ferrite pieces with different magnetic properties;
• The magnetic permeability of the ferrite with x = 0.7 varies much more with sintering temperature than do ferrites with lower x values [5] . Thus, the sintering temperature must be more carefully controlled in this case.
For application in a PCM for 1 µs pulse duration, it is required that the magnetic permeability of the ferrite be high and approximately constant with frequency for frequencies up to 1 MHz at least. Literature [5] The aim of this work is to show a procedure for adjusting the processing route and characterization of a Ni-Zn ferrite for application in PCM for pulses shorter than 1 µs.
EXPERIMENTAL PROCEDURE

Ceramic Cores
The raw materials for fabrication of the ferrite were weighed in the proportion (mol%): 25.5%NiO-26.1%ZnO-48.4%Fe 2 O 3 . The raw materials were wet-mixed in a ball mill, using an alumina jar.
After dried in a furnace, the mixed material was uniaxially compacted in 37-mm diameter tablets and pre-sintered at 900 • C for 2 h. The aim of the compaction was to enhance the pre-sintering process. The tablets were manually broken and subsequently triturated in a pulverizer. The triturated powder was sieved to 115 mesh and uniaxially compacted in round tablets at 50 MPa (samples for microstructural observation) and cylinders (samples for magnetic characterization). 0.6 weight% of carboxymethylcellulose (CMC) was added to the powder before compacting the cylinders: The CMC was dissolved in distilled water and the powder was added to the solution. The water in excess was dried in a furnace and the slightly humid powder was forced against a nylon sieve, simulating pelletization.
Samples were sintered at 1200 • C, 1300 • C, and 1400 • C for 2 h in air. For magnetic characterization, three samples were sintered in each temperature. Powder portions were also sintered at those temperatures and subsequently underwent chemical analysis by means of atomic absorption spectroscopy.
The samples for microstructural observation were polished and etched. Grain size measurements and quantitative analysis were carried out based on the ASTM E112 standard [13] .
After measuring the complex magnetic permeability, described in the next section, it was verified which sintering temperature was the most suitable one for the purpose of this work. Another batch was prepared, following the same procedure, until pulverization. The presintered powder was dry-milled in a Spex high-energy mill for 2 h. The powder's particle size was evaluated by means of scanning electron microscopy (SEM).
The milled powder was prepared for sample formation, under the following conditions:
• Condition 1: Same procedure as the first batch;
• Condition 2: 200 ppm Nb 2 O 5 was added to the powder. The powder was mixed in acetone with a glass stick and simultaneously disaggregated in ultrasonic bath for 15 minutes. The powder was subsequently dried in a furnace and the CMC addition was carried out, as done in Condition 1; • Condition 3: The powder was disaggregated in acetone, with ultrasonic bath for 15 minutes, and dried in a furnace. CMC addition was subsequently carried out, as done in Condition 1. The samples were sintered in the selected sintering temperature, for 2 h in air. The complex magnetic permeability was measured. Comparing the results from Condition 1 to those of Condition 3, one can verify the influence of the disaggregation step on the properties of the ferrite. Comparing Condition 2 to Condition 3, one can verify the influence of the Nb 2 O 5 addition. The most suitable condition was selected and the following characterization was carried out: Analysis of the complex magnetic permeability under temperature variation and determination of the saturation induction (B s ), both detailed in the next section.
Samples from all routes tested in this work underwent the following characterization:
• Density analysis by means of the Archimedes method;
• X-ray diffraction analysis with Cu Kα radiation.
Core's Magnetic Characterization
The relative complex magnetic permeability of the samples were measured, in the 100 kHz-100 MHz frequency range, using an Agilent 4194 A impedance analyzer and a one-port measuring method, according to [14] . The real (μ r ) and imaginary (μ r ) parts of the relative complex magnetic permeability were automatically calculated from the resistance and reactance values measured, using expressions:
where c is the speed of light, ω is the angular frequency, and d is the length of the tubular sample. Z air 0 is the characteristic impedance of the circuit filled with air. X short in is the reactance of the circuit, measured with the sample placed inside the sample-holder. R short in is the resistance of the circuit, also measured with the sample placed inside the sample-holder. D e and D i are the external and internal diameters of the sample. Observe in (4) that corrections were considered in order to take into account the air gap in the coaxial-line sample holder.
The cylindrical ferrite samples for complex magnetic permeability characterization were machined, either in their internal or external diameters, in order to fit the coaxial sample-holder, which allowed samples with D e < 7.0 mm and D i > 3.05 mm. The lengths of the samples were between 4.345 mm and 9.065 mm. All samples had their internal and external diameter surfaces painted with silver paint before measuring. The complex magnetic permeability under temperature variation was measured between −40 • C and +50 • C. The sample holder was placed inside an ESPEC SH-241 chamber, varying temperature in steps of 10 • C, and remaining for 15 minutes at each test temperature. The B s parameter was obtained from hysteresis curves. The three tubular samples fabricated for this characterization had D e ≈ 7.36 mm, D i ≈ 4.27 mm, and d between 2.75 mm and 2.89 mm. A BRASMAG BM 250-A hysteresis curve tracer and an oscilloscope were used in this test.
PCM Assembly and Characterization
A PCM was assembled, employing a circuit constituted by:
• The calibration of the PCM was carried out using the following apparatus: Agilent's 81101 A pulse generator, 50 Ω shunt resistance, and Tektronix's TDS 540 A oscilloscope. Figure 2 shows the microstructures of the ferrites and Table 1 shows data on the grain size distribution. The densities of the tubular samples sintered at 1200 • C, 1300 • C, and 1400 • C were, respectively, 3 . The porosity of the sample sintered at 1200 • C is predominately intergranular, whereas the porosity of the samples sintered at 1300 • C and 1400 • C is located at grain boundaries and inside the grains. Figure 3 shows the results of complex magnetic permeability of all ferrite samples fabricated from the first batch. One can notice that the sintering temperature of 1200 • C resulted in a material applicable in higher frequencies, but the level attained by the magnetic permeability makes it less sensitive to the magnetic field associated to the pulsed current to be monitored. The losses (μ r ) obtained with sintering at 1200 • C are lower due to the microstructure of the material, constituted of smaller grains. It is well known that the presence of high resistitvity regions in the microstrucure, such as grain boundaries, reduces losses in higher frequencies, increasing the μ r values. On the other hand, it isn't possible to obtain the highest μ r levels of the ferrite with smaller grains. Literature [15] has mentioned that the magnetic permeability of Ni-Zn ferrites usually increases linearly with grain size until ≈ 5 µm. For larger grain sizes, permeability increases in a lower rate or even decreases. Table 2 shows the μ r values at 1 MHz and the loss factors (which correspond to μ r /μ r ) at this frequency. This frequency was chosen because it corresponds to a 1 µs period, which is within the range aimed in this work. It is observed that the sintering temperature of 1400 • C raised the average value of μ r in 3% when compared to the results obtained with sintering at 1300 • C but the loss factor increased in 41%. Thus, it was decided that the 1300 • C sintering temperature provided the most suited complex magnetic permeability to the ferrite for the proposed application. Figure 4 shows the diffractograms of the ferrites obtained, presenting typical spinel crystal structure and no evidence of second phases. Table 3 shows the results of chemical analysis. The oxygen percentages were estimated as being the remaining to complete 100% and the results obtained for sintering at 1200 • C and 1300 • C were lower than the expected. It has been reported [16] that a sintering atmosphere in which the partial pressure of oxygen is too low may induce oxygen vacancies in the ferrite, as a consequence of the reduction of Fe. This phenomenon may impair the densification process. It also must be taken into account that the estimated oxygen fractions incorporated the errors of the measures of Fe, Ni, and Zn. Figure 5 shows a SEM micrograph of the pre-sintered powder after milling in the high-energy mill. One can observe the presence of particles smaller than 200 nm and some agglomerates. Figure 6 shows the diffractograms of the ferrite samples obtained from the second batch. One can notice that no second phases were detected. In this batch, the Nb 2 O 5 addition wasn't expected to be detected by x-ray diffraction because the amount of additive was too small.
RESULTS AND DISCUSSION
Characterization of the Ferrite Core
The densities of the tubular samples obtained from Conditions 1, 2, and 3 were, respectively, 4.56, 4.62, and 4.68 g/cm 3 . These values are Figure 5 .
SEM micrograph of the pre-sintered powder that constituted the samples of the second batch. lower than the ones obtained in the first batch because the latter were formed from a powder constituted of fine particles and agglomerates. The packing of a powder with such characteristic is more difficult, sometimes leading to lower density. Figure 7 shows the complex magnetic permeability of the ferrites obtained from the second batch. The results presented very low scattering. As expected, the increase of μ r levels of the ferrite is obtained to the detriment of high frequency permeability [17] . The Nb 2 O 5 addition reduced the low frequency μ r in 20 or so. The reduction of μ r as a result of Nb 2 O 5 addition has been reported in literature, for additions higher than the one used here [14, 15] . In the work from Parvatheeswara Rao et al. [18] Table 4 shows the complex magnetic permeability values at 1 MHz. Comparing Condition 2 to Condition 3, one can observe that the loss ratio was reduced, but very slightly, when Nb 2 O 5 was added to the ferrite. It leads one to suspect that the disaggregation step contributed more to affect the losses of the samples from Condition 2 than did the Nb 2 O 5 addition. The loss ratio of Condition 1 is the lowest, due to the lower density of the samples. This happens because pores are insulating and contribute to the lowering of eddy current losses.
Based on the complex magnetic permeability results obtained, it was verified that Condition 3 provided the most suited properties for application in the current monitor proposed. Figure 8 shows the complex magnetic permeability, under temperature variation, of a sample from Condition 3. At 1 MHz, μ r varies from 163 to 271 and μ r is practically temperature independent, making the loss factor decrease when temperature increases. Figure 9 shows the variation of μ r with temperature at 1 MHz. Such figure also shows the expression of the second-degree polynomial obtained after fitting of the experimental data. This information may be used for compensation of the inductance variation of the transducer with temperature. Cedillo et al. [21] , testing a similar Ni-Zn ferrite, verified that the more homogeneous the chemical composition of the ferrite, the larger the μ r variation rate with temperature. In their work, they established a relationship between sintering conditions and In order to determine the maximum intensity of the current to be monitored, the saturation induction of the ferrite must be evaluated. Table 5 contains data (saturation induction (B s ) and the field intensity (H) causing saturation) extracted from hysteresis curves of three samples of the ferrite. Figure 10 shows the hysteresis curve of sample 3.
From Table 5 , one can verify that the minimum magnetic field necessary to saturate the ferrite core was 256 A/m, with B s = 74 mT. These results corroborate the data found on literature [8, 22 ] that report B s values varying from 36 to 94 mT for similar ferrites.
PCM Characterization
The average sensitivity of the PCM was (2.43 ± 0.02) V/A, linear, for a 20-200 mA range. The device was capable of reproducing pulses with 0.10-1.0 µs, with a damping rate of less than 155.5% per µs, and amplitude of about 4.7 A. The rise and fall times of the original pulses studied were between 5 and 50% of the total pulse width and the pulses reproduced by the PCM presented a 6% delay. Figure 11 shows the features of a 100 mA/150 ns pulse reproduced by the PCM. One can observe that for a pulse width equivalent to a 10 MHz frequency, frequency in which μ r of the ferrite core is descending, the device is still capable of sensing the current pulse. Also, the quality of the output signal may be further improved by adjusting the core size, changing and/or adding new components to the pulse former circuit.
CONCLUSION
Ni-Zn ferrite samples were fabricated by different processing routes in order to obtain a material for application in a pulsed-current sensor, for monitoring pulses of 1 µs width or shorter. It was verified that the most suitable processing route was: Wet mixing of oxides for 8 hdrying -compaction of the mixture -pre-sintering at 900 • C for 2 h-grinding -high-energy milling for 2 h-powder disaggregation in ultrasonic bath-sample formation -sintering at 1300 • C for 2 h. At 1 MHz, the magnetic properties of the samples obtained by such route were: μ r = 203.2 + 1.1494 T + 0.0039 T 2 (for −40 • C < T < +50 • C) and minimum saturation induction of 74 mT (for a 256 A/m field). Tests were performed and it was verified that using this material in the sensor's core, it was possible to monitor current pulses between of 0.1-1 µs width.
